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Abstract: Hydraulic plants are required to operate with wider operating range to cover the variants of power outputs into the electrical grid. Although there have been many 
studies of off-design conditions, studies of cavitating draft tube vortices at the Francis turbine with splitter blades are limited, and the cavitating property is not yet well 
comprehended. This study presents a prediction of the cavitating characteristics in the Francis-99 draft tube obtained by numerical analysis using the Zwart mass transfer 
model and shear-stress transport (SST) model. The shape characteristics of two types of cavitating vortex rope (spiral and columnar) and its influence on the cavitation 
development in the runner blades are analyzed. The link between cavitation with the vorticity is further highlighted by the vorticity transport equation (VTE). The result 
indicates that the runner cavitating is symmetric for both types of cavitating vortex ropes, and cavitation is significantly improved when a runner with splitter blade is used. 
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1 INTRODUCTION 
Hydraulic turbines are crucial components in energy 
conversion technologies as they play a major role in both 
primary and secondary load balancing tasks and preserving 
grid stability. Nevertheless, the frequent changes in power 
generation by renewable energy resources directly impact 
the required operating range of the hydro units. Extending 
the operating range of Francis turbine increases the 
working time at off-design load (high load (HL) and part 
load (PL)) which results in complex flow phenomena like 
cavitation and pressure fluctuations in the draft tube that 
can lead to dangerous output power swings [1]. Jing Y. et 
al. [2, 3] used the computational fluid dynamic (CFD) 
technology with the Large Eddy Simulation turbulence 
model to simulate cavitating flow in a high head Francis 
turbine. They found that the cavitation region on the runner 
blades for HL and PL conditions corresponding were 
symmetric and axisymmetric. 
Many studies have been performed to improve the 
characteristics of cavitation, control and reduce its effect, 
and to consider two splitter-blade-fitted runners, which can 
improve the cavitation characteristics and the load 
distribution on the runner blades, decrease pressure 
pulsation [4]. Kergourlay G. et al. [5] found that when the 
impeller was added splitter blades, the vibrating 
acceleration level is reduced. Hongming Zhang et al. [6] 
used OpenFOAM® code to simulate cavitating flow in the 
runner with splitter blades of a Francis turbine at PL 
operation, and the cavitation on the runner blades was 
observed. Recently, the Francis-99 workshop took place 
for the discussion of CFD techniques with application to a 
Francis turbine with splitter blades, which was called 
Francis-99 turbine [7, 8] and reviewed by Trivedi C. et al. 
[9]. The researchers attempted to analysis the pressure 
fluctuations in the rotating part and the non-rotating part. 
These studies are helpful for a deeper understanding of the 
pressure oscillations mechanisms in a Francis turbine with 
splitter blades [10-12]. However, more work is needed to 
further demonstrate the cavitating rope on the Francis-99 
draft tube core and the improvement of cavitating 
characteristics in the runner with splitter blades. Therefore, 
this work focuses on the investigation of the dynamics of 
the processing cavitating vortex core on the Francis-99 
draft tube. The Zwart et al. model [13] and SST model [14] 
were used to simulate the cavitating development at 
critical, and inception in the draft tube under PL and HL 
operating points and the cavitating vortex ropes are 
captured, and its influence also analyzed. In addition, the 
link between the vorticities source and vapor volume 
fraction is also highlighted by VTE. 
2 MATHEMATICAL METHOD 
It is compulsory to consider the runner when 
simulating hydraulic turbines. Thus, to model the runner 
rotation, the rotating reference frame was used. In addition, 
the two phases are needed to be considered when 
simulating cavitating flow. 
2.1  Governing Equations and Cavitation Model 
The governing equations to describe the liquid-vapour 
two phases flow are the mass conservation equation, the 
conservation momentum equation and the transport-based 
equation under cavitation condition in a rotating reference 
frame with the angular speed  and absolute velocities: 
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Where ui and riu  denote the absolute velocity and relative 
velocity components; ρm and ρv are the mixture density and 
density of vapor phase; p represents the mixture pressure; 
Ω is the angular velocity of runner rotation; εijk is called 
Levi-Civita symbol; tij  and 
n
ij are the turbulent stress 
tensor and the viscous stress tensor, respectively; v 
represents the volume fraction of vapor phase; Re and Rc 
denote the effects of evaporation and condensation during 
phase change. 
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In this study, the Zwart mass transfer model [9] was 
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where αnuc represents the volume fraction of the nucleation 
site; pv represents the vapor pressure; Fcon and Fvap stand in 
empirical coefficients for the condensation and 
evaporation processes. The following recommended model 
parameters are used in this study: Fcon = 0.01, Fvap = 50, RB 
= 1 µm and αnuc = 5E-4 [13]. 
Although simulations have been performed with k-, 
SST, SAS, RSM, LES, DES, etc., the SST is the most 
widely used and has become a standard for turbo 
machinery [15-19].In this work, all simulations, including 
steady and unsteady are performed with the SST turbulence 
model. 
2.2  Numerical Setup 
The numerical configurations were for the Francis-99 
turbine model. Besides the runner that includes 15 long and 
15 splitter blades, the turbine contains 14 stay vanes, 28 
guide vanes, and a drat tube (Fig. 1). TheFrancis-99 turbine 
numerical grid uses the ICEM files provided by [7] and 
created with ANSYS ICEM CFD. The mesh density for the 
full turbine model at the best efficiency point (BEP) was 
about 20 million elements. The quality and mesh 
independency were reported by Trivedi C. et al. [20, 21] 
and Goyal R. et al. [22], which corresponded to the normal 
industrial standard. 
Figure 1 The three simulation domains of Francis-99 turbine with two interfaces: 
interface I, connecting the runner with guide vanes domain; interface II, 
connecting draft tube with runner domain. 
In this study, the simulations of the turbine model were 
played in two steps to include steady and unsteady 
simulations. We performed the unsteady simulations with 
the initial field obtained from the steady simulations 
results. 
General Grid Interfaces (GGI) connect stationary 
domains (guide vanes and elbow type draft tube) to the 
rotating domain (runner). 
In this study, the inlet boundary was given by the mass 
flow, and the outlet static pressures were assigned 
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Here H represents the net head; pv and pout are the saturated 
pressure (3170 Pa) and outlet static pressure of the draft 
tube; hs means the suction height. 
To investigate the cavitating vortex rope, the unsteady 
simulation was run for ten rotations of the runner where 
total computation time was 1.8 s. The time step was set as 
t = 5E-4 s (1° per time step). The convergence criteria were 
set to a root-mean-square (RMS) value less than 10E-5. 
3 RESULTS AND ANALYSES 
3.1  Validation  
For convenience to validate the simulation model used 
in this study, Tab. 1 shows a comparison of torque obtained 
by the SST and experiment [7]. The numerical torque is 
465Nm (under PL), 706 Nm (under BEP), and 820 Nm 
(under HL) higher than the experimental torque, and the 
ration of numerical torque to experimental torque was 
10%, 14%, and 10%, respectively. The result is consistent 
with numerical torque studied by Gavrilov A. [17] with the 
same model Francis-99. Consequently, the mesh quality 
and flow separation can cause the torque calculation 
inaccuracy in the simulation. 
Table 1 Torque on the runner, Nm (discrepancy %) 
PL BEP HL 
SST in this study 465 (10%) 706 (14%) 820 (10%) 
SST [17] 487 (16%) 703 (13%) 835 (12%) 
Experiment [7] 421 (0%) 621 (0%) 744 (0%) 
Figure 2 Comparison of experimental and numerical hydraulic efficiencies at 
four operating points. 
Fig. 2 shows the comparisons of the efficiencies of the 
steady simulations for min load (ML), PL, BEP, and HL 
operating points between the numerical and experimental 
results. The highest and smallest discrepancies between the 
experimental and numerical (SST) efficiencies are 10.66% 
and 1.83%, which are observed at the ML and HL 
operating point. The numerical results are also in 
agreement with studies by Minakov et al. [19] and Trivedi 
C. et al. [20].  
Figs. 4-6 show the comparison of the calculated and 
experimental vertical velocity profiles along two lines 1 
and 2 (see Fig. 3). As can be seen, under PL and HL 
operating points (Figs. 4 and 5) the magnitude of the 
vertical velocity is significantly smaller than under the BEP 
(Fig. 6). Figs. 4 and 5 show that under the PL and HL 
conditions the flow nearest the draft tube core is nearly 
reversed. Furthermore, under the PL condition, the 
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with the experimental result at the draft tube core, as shown 
in Figs. 4(a) and 4(b). The simulation profiles have a 
reverse zone near the draft tube core, but the experimental 
does not show this. Therefore, the simulation vertical 
velocity is higher than the experimental, which is due to the 
mass velocity being significantly low for the PL condition. 
The vertical velocity for all operating conditions is in good 
agreement between the steady simulation and experimental 
results with small deviations. 
The above comparisons with the simulation results 
show a good agreement with the experimental, the 
reliability of the numerical model is validated. Figure 3 Positions of the experimental measurement lines 1 and 2 [20]
Figure 4 Vertical component of the velocity in line 1(a) and line 2(b) for PL regime. 
Figure 5 Vertical component of the velocity in line 1(a) and line 2(b) for HL regime. 
Figure 6 Vertical component of the velocity in line 1(a) and line 2(b) for BEP regime. 
3.2  Characteristics of Cavitating Vortex Ropes 
To promote the development of cavitation and make 
the vortex core visible, a reduction in the outlet static 
pressure is usually used to decrease cavitation number of a 
Francis turbine. According to IEC 60193 standard, the 
cavitation number , corresponding to the 1% drop in 
efficiency was defined as the critical cavitation number 
(c). Therefore, in this study under HL and PL operating 
points, the critical cavitation numbers were calculated as 
0.033 and 0.01, respectively. 
As respected, the cavitation number  decreases 
corresponding to the proliferation of the cavitation volume 
and the cavitation flow can be visualized by a vapor 
volume fraction value iso-surface. Figs. 7 and 8 show the 
simulation results for different cavitation numbers 
(inception and critical) under PL and HL operating 
regimes, respectively. Figs. 7(a), 7(b), 8(a), and 8(b) show 
the cavitation visualization of one typical cycle based on 
the  = 10% iso-surface of vapor volume. Figs. 7(c) and 
8(c) show the vortex rope structures visualized by Q-
criterion [23]. As shown in Figs. 7(b), 7(c), 8(b), and 8(c), 
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collapses, but the vortex rope is still extending into 
downstream of the draft tube. These pictures show an 
association of the cavitating rope and vortex in the draft 
tube. 
For inception cavitation number, cavitation rope can 
be observed near in the runner outlet and emerged under 
the hub of the runner with the short length and small 
diameter (Figs. 7(a) and 8(a)). When the cavitation number 
was reduced to the critical cavitation number, the length 
and diameter of the cavitating rope were significantly 
longer and thicker, and the cavitating rope extended 
downstream as shown in Figs. 7(b) and 8(b). Furthermore, 
for critical cavitation, the cavitating rope structure at near 
runner outlet was straight cylinder before changes and 
became a spiral shape and columnar shape at PL and HL 
operating points, respectively. Besides, due to the unstable 
behavior of the vapor volume (grow and suddenly 
collapse), the diameter suddenly decreased at near the tail 
of cavitating rope. These results are also consistent with the 
experimental observation by Kobro et al. [24] thus 
suggesting that the shape characteristics of the vortex rope 
at off-design conditions is well predicted. 
   t1 = 0T  t2 = 0.5T   t3 = 1T
(a) 
Cavitation 
σ = 0.033 
 = 10％ 
(b) 
Cavitation 
σ = 0.01 
 = 10％ 





Q = 300 s−2 
σ = 0.01 
   
(Kobro et al. [21]) 
Figure 7 Cavitating vortex rope structures evolution in one cycle for two cavitation conditions at PL operating point. 
To further understand the interaction mechanism 
between cavitating flow and vortex production in the draft 
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where V is the velocity, represents the vorticity, and Re is 
the Reynolds number. 
On the right-hand side of Eq. (7), the vorticity 
production in the fluid is attributed to four parts. The first 
term, i.e., ()V, is called the vortex stretching by the 
swirling and stretching of the flow vorticity. The second 
term, i.e., (V), represents the vortex dilatation which is 
due to the effect of the fluid compressibility to the vorticity. 
The third term, i.e., mp/2m, means the baroclinic 
torque due to the misaligned density and pressure gradients 
then is nonzero in the vapor zone. The last term, i.e., 
(1/Re)(2ꞏ), indicates the effect of viscous diffusion, and 
due to the effect it is significantly smaller than the other 
terms and can be ignored [25, 26]. 
From Eq. (7), we can obtain the influence of vortex 
production on cavitation on the mid-plane of the draft tube 
(y = 0) as follows: 
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t1 = 0T t2 = 0.5T t3 = 1T
(a) 
Cavitation 




σ = 0.033 
 = 10％ 





Q = 600 s−2 
σ = 0.033 
 
Kobro et al. [21] 
Figure 8 Cavitating vortex rope structures evolution in one cycle for two cavitation conditions at HL operating point. 
(a) (b) (c) (d)
 
 
Figure 9 Contour line of vortex stretching (a), vortex dilation (b), baroclinic torque(c), and vapor volume fraction (d) in plane XZ of draft tube under PL (above) and HL 
(below) operating conditions. 
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Fig. 9 compares the contours of the vorticity 
distribution of the vortex stretching (Fig. 9(a)), vortex 
dilation (Fig. 9(b)), baroclinic torque (Fig. 9(c)), with 
cavitation development (Fig. 9(d)) on the plane XZ at one 
typical instant in the draft tube.  It can be observed from 
Fig. 9 that the variation of vorticity distribution is strongly 
associated with the vapor volume fraction. Fig. 9(a) and 
9(b) indicate those two terms: the vortex stretching and 
play a dominant role for vorticity generation in the draft 
tube. As shown in Fig. 9(c), the baroclinic torque term is 
much weaker than other terms in Eq. 8. The vortex 
dilatation and baroclinic torque term only happened at the 
zones of high vapor volume fraction. The picture indicates 
that the almost vorticities were produced by vortex 
stretching term. Final, the vortex stretching and dilation 
term produced a strong vortex rope, and vorticity 
distribution seems symmetrical at near runner outlet in 
draft tube inlet zone with the splitter blades runner. 
3.3  Effect of Cavitating Vortex Rope with Cavitation on the 
Runner Blades 
Fig. 10 shows the cavitation on the runner under off-
design load. It can be seen that under both the HL and PL 
operating points, the cavity zone on different blades was 
almost axisymmetric.This result was different from that 
for the splitter blades runner and traditional runner, as 
shown in Fig. 11. For the conventional runner, in the paper 
of Jing Y. et al. [3], there is asymmetrical cavitation on 
the runner blades for PL operating conditions. Unlike the 
traditional runner, the asymmetrical phenomena seemed 
to be more mitigated with the splitter blades runner. This 
is due to the cavitating vortex rope at near runner outlet 
regime that is cylinder-shaped and extended in to 
downstream before its diameter suddenly reduced and 
became a spiral-shape, as shown in Fig. 10 (below). In 
addition, the pressure in the runner varied by the effect of 
cavitating rope evolution on the draft tube. Therefore, the 
runner pressure distribution changes symmetrically, and 
cavity zones on each blade were little changed with 
cavitating rope oscillation. 
Fig. 12 shows the relationship between the vapor 
volume in the draft tube and the runner over time in one 
vortex rope cycle under HL and PL operating points. It can 
be observed that the vapor volume changes a lot in one 
period. The tendency of vapor volume oscillation in the 
draft tube and the runner is remarkably uniform. 
Therefore, there is a strong correlation between cavity 
dynamic in the draft tube and runner. 
t1 = 0.25T t2 = 0.5T t1 = 0.75T t2 = T t2 = 0.5T 
Figure 10 Cavitation on the runner blades in one vortex rope cycle under HL (above, σ = 0.033) and PL (below, σ = 0.01) operating points using a runner with splitter 
blades. 
Figure 11 Cavitation on the runner blades in one vortex rope cycle under HL (above, σ = 0.025) and PL (below, σ = 0.01) operating points using a traditional runner [2]. 
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Figure 12 Volume of vapor on draft tube (DT) and runner (R) under PL (left) and HL (right) conditions. 
 
The cavitating rope evolutions also disclosed the 
pressure fluctuation in the draft tube. The pressure 
monitoring point was set near the draft tube inlet (DT5). 
The amplitude-frequency spectra of pressure fluctuations 
under off-design conditions are obtained by fast Fourier 
transform (FFT), as shown in Figs. 13 and 14. In both 
cases (PL and HL), the rough pressure peaks appear at the 
frequency fn = 29.55 Hz and fn = 16 Hz caused by the 
influence of the 30 blades and 15 splitter blades in the 
runner, respectively. Furthermore, the results showed that 
the rough pressure peaks at the frequency 0.2 and 0.7 
times the rotational frequency also appeared near the 
runner outlet. This was caused by the unstable behavior of 
the cavitating vortex rope [27, 28] with the "cut wave" 




Figure 13 Pressure fluctuation frequency for the PL condition from cavitating 
flow analysis (σ = 0.01) at DT5 monitor pressure point. 
 
 
Figure 14 Pressure fluctuation frequency for the HL condition from cavitating 




In this study, transient simulations with the SST 
turbulence model and Zwart cavitation model were 
performed at off-design conditions in a Francis-99 
turbine. The results show that under critical cavitation the 
cavitating rope structure at near runner outlet in the draft 
tube was straight cylinder-shape before changes and 
becomes a spiral-shape and columnar-shape at PL and HL 
operating points. The analysis by VTE shows that the 
vortex dilatation and baroclinic torque term only 
happened at the zones of high vapor volume fraction, and 
the almost vorticities were produced by vortex stretching 
term. The vorticity distribution seems symmetrical at near 
runner outlet in draft tube inlet zone with the splitter 
blades runner. 
For both the HL and PL operating points, the cavity 
zone on different blades was almost axisymmetric, which 
revealed that the Francis turbine with splitter blades is 
more improved cavitation performance. The results 
provide further proper documentation of the behavior of 
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